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The interaction between free electrons and optical near fields is attracting increasing attention as
a way to manipulate the electron wave function in space, time, and energy. Relying on currently
attainable experimental capabilities, we design optical near-field plates to imprint a lateral phase on
the electron wave function that can largely correct spherical aberration without the involvement of
electric or magnetic lenses in the electron optics, and further generate on-demand lateral focal spot
profiles. Our work introduces a disruptive and powerful approach toward aberration correction based
on light-electron interactions that could lead to compact and versatile time-resolved free-electron
microscopy and spectroscopy.
I. INTRODUCTION
The development and widespread use of spatial light
modulators have revolutionized optics by enabling an in-
creasing degree of control over light beam propagation.
Likewise, the extension of this concept to electron op-
tics could provide the means for controlling the electron
wave function and its interactions with atomic-scale sam-
ples. Electron microscopes already reach precise spatial
and temporal control over the amplitude and phase of
the wave function of beam electrons employed as sample
probes. Over the last decades, costly and sophisticated
arrangements of magnetostatic and electrostatic lenses
have been engineered to eliminate electron optics aber-
rations [1], making it possible to focus electron beams
with sub-Ångstrom precision in state-of-the-art scanning
transmission electron microscopes. These capabilities are
crucial for atomic-scale imaging and spectroscopy [2, 3].
Parallel efforts have led to the development of ampli-
tude and phase reconstruction techniques such as pty-
chography [4] or electron tomography and holography [5],
which have proved useful in both imaging low-contrast
samples [6, 7] and acquiring additional information on
the sample, such as electric or magnetic field distributions
[8–10]. An alternative approach have consisted in prepar-
ing electron beams with on-demand focal spot phase and
intensity distributions designed to introduce phase con-
trast and selectively interact with targeted types of ex-
citations such as plasmons of specific multipolar symme-
try [11] or chiral modes and materials magnetic prop-
erties [12, 13]. Such phase-shaped electron beams can
be obtained through diffraction by a static phase plate
[11, 14–16] or ingenious use of lens aberrations [17, 18].
A recent work also demonstrates programmable electron
phase plates based on arrays of electrically biased trans-
mission elements [19].
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The interaction of free electrons with optical near fields
in illuminated nanostructures opens exciting possibilities
as a further mechanism to control the electron wave func-
tion. This phenomenon has been exploited to develop the
so-called photon-induced near-field electron microscopy
(PINEM) [20], which has been the subject of intense ex-
perimental [20–39] and theoretical [40–47] efforts. By
synchronizing the arrival of ultrashort electron and laser
pulses near the sample, the former can undergo stimu-
lated absorption or emission of up to 100s of photons
[38, 39]. This technique has been predicted to imprint
optical phase on the lateral electron wave function [44],
which has been demonstrated to generate vortex elec-
tron beams via photon-to-electron angular momentum
transfer [36]. The synergetic combination of spatial light
modulators and ultrafast electron microscopy constitutes
a powerful platform for the control of free-electron wave
functions, including the possibility of compensating beam
aberrations and shaping the focal spot, as an alternative
to traditional electron optics components.
In this work, we theoretically demonstrate the correc-
tion of spherical aberration in an electron beam upon
transmission through an illuminated thin film, where
light-electron phase transfer compensates for the unde-
sired deviation of the transversal electron wave function
from a spherical wavefront, thereby resulting in nearly
unaberrated focusing down to sub-Ångstrom focal spots.
The proposed implementation of this type of photonic
aberration corrector (PAC) in an electron microscope
is schematically depicted in Fig. 1, where the new ele-
ment is placed after the electron source in order to im-
print the required phase on the electron wave function to
compensate for the aberration produced by subsequent
electron-optics focusing elements. The PAC consists of
an optically-opaque electron-transparent thin film (e.g.,
a metal film deposited on a Si3N4 membrane, as already
used in PINEM studies [24, 34]) on which a lateral op-
tical pattern is projected with diffraction-limited spatial
resolution (see Appendix C). Electron interaction with
semi-infinite light fields [34] in this film then produces
energy sidebands in the transmitted electrons that can
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FIG. 1: Proposed experimental arrangement incorporating
a photonic aberration corrector (PAC) to mitigate electron
spherical aberration through an electron optical phase plate.
The PAC module (light orange frame) is placed just before
the electron optics focusing module (electromagnetic lenses
inside the light blue frame) at a distance zL,in − zsource from
the electron source. The transmitted beam is restricted by a
circular aperture of radius Rmax.
be optimized to accommodate ∼ 1/3 of the electrons in
the first sideband (i.e., electrons that have gained one
photon energy). A monochromator inserted right after
the PAC removes the rest of the energy sidebands before
entering an electron optics module for focusing at the
sample. Aberration correction is thus performed through
the PAC phase plate, without involvement of complex
electron optics. This type of design inherits the flexility
of light patterning through spatial light modulators, here
demonstrated for aberration correction, but also enabling
arbitrary shaping of the electron focal spot.
II. ELECTRON BEAM PROPAGATION
THROUGH THE ELECTRON MICROSCOPE
We represent fast electrons by their space- and time-
dependent wave function ψz(R)e−iE0t, where we consider
monochromatic electrons of energy E0 that depend on
transversal coordinates R = (x, y) at each propagation
plane determined by z. Free propagation from z′ to z is
described by the expression [43, 48]
ψz(R) =
∫∫
d2Qd2R′
(2pi)2
ei[Q·(R−R
′)+qz(z−z′)]ψz′(R′),
where the outer integral extends over transversal wave
vectors Q, qz =
√
q20 −Q2 is the longitudinal wave vec-
tor, ~q0 = mevγ and v are the average electron momen-
tum and velocity vectors, respectively, γ = 1/
√
1− v2/c2
is the Lorentz factor, me is the electron rest mass, and c
is the speed of light in vacuum. In what follows, we focus
on electron beams of well-defined chirality, characterized
by an azimuthal orbital quantum number m, such that
the wave function takes the form ψz(R) = ψz(R)eimϕ.
Additionally, electrons in microscopes are collimated and
therefore safely described in the paraxial approximation
qz ≈ q0−Q2/2q0. These considerations allow us to carry
out some of the above integrals to find (see Appendix A)
ψz(R) = (Fmz−z′ · ψz′)
∣∣
R
(1)
≡ (−i)m+1ξz−z′ eiq0(z−z′)
×
∫ ∞
0
R′dR′ Jm (ξz−z′RR′) eiξz−z′ (R
2+R′2)/2ψz′(R
′),
where ξz−z′ = q0/(z−z′), Jm is a Bessel function, and we
implicitly define the free-propagation operator Fm using
matrix notation with a dot standing for integration over
the radial coordinate R.
Transmission through the microscope sketched in
Fig. 1 results in an electron wave function at the sam-
ple given by [49, 50]
ψzsample (2)
= Fmzsample−zL,out · TL · FmzL,in−zPAC · TPAC · ψzPAC ,
where ψzPAC represents the source electron incident on
the plane of the corrector at zPAC, while TPAC and TL
account for transmission through the PAC and electron
lenses (orange and blue frames in Fig. 1, respectively).
The latter is for a thin lens well described by [48, 51]
TL
∣∣
RR′ = δ(R−R′) eiχ(θ) e−iq0R
2/2f Θ(Rmax −R), (3)
where f is the focal distance, a pupil blocks propagation
above a radial distance Rmax, and the phase χ(θ) ac-
counts for aberrations in the lenses as a function of exit
angle θ = R/(zsample − zL,out). Here, we concentrate on
spherical aberration, so we express χ(θ) = C3q0θ4/4 in
terms of the (length) coefficient C3 [48, 51]. For simplic-
ity, in what follows we consider a point source producing
a spherical wave ψzPAC(R) ∝ eiq0R
2/2(zPAC−zsource) with
m = 0. Additionally, we take the PAC to coincide with
the near and far sides of the optical lenses at the virtual
plane z = zL.
In the absence of aberrations (χ = 0), ψzsample is fo-
cused at a position z = zsample determined by the lens
formula 1/(zsample−zL)+1/(zL−zsource) = 1/f (see Ap-
pendix B). This is illustrated in Fig. 2(a) for 60-keV elec-
trons (∼ 5 pm wavelength) with zL − zsource = 40f (im-
plying zsource − zL ≈ f), f = 1mm, and Rmax = 30µm.
The focal spot is limited by diffraction at the aper-
ture, yielding a ψzsample ∼ J1(R/∆) transversal profile
of sub-Ångstrom width ∼ ∆ = f/q0Rmax = 0.26Å.
In contrast, a typical spherical aberration correspond-
ing to C3 = 1mm produces a substantially broadened
and shifted focus [Fig. 2(b)], accompanied by satellite
foci along the optical axis.
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FIG. 2: Spatial dependence of the electron intensity focus at the sample. We plot the normalized beam electron density
|ψsample|2 [Eq. (2)] obtained through (a) aberration-free electron optics; (b) electron optics introducing spherical aberration
with C3 = 1mm; and (c) same as (b) including a PAC module. We consider 60-keV electrons, a focal distance f = 1mm,
zL − zsource = 40f , and an aperture Rmax = 30µm. The corrected beam profile in (c) is calculated by using a realistic spatial
dependence of the coupling parameter β as a function of radial distance R in the PAC [panel (e), obtained from Eqs. (6) and
(8) with λ0 = 500 nm light wavelength], which differs from the ideal β that is needed to perfectly correct the aberration [panel
(d), Eq. (7)].
III. ELECTRON OPTICAL PHASE PLATE
We intend to cancel the aberration phase χ by im-
printing an additional phase on the electron wave func-
tion through the interaction with an optical near field
[34, 43, 44]. For this purpose, we consider an optically-
opaque electron-transparent film subject to external illu-
mination, a configuration that has been demonstrated to
produce large coupling to the electrons [34]. The trans-
mitted electron wave function consists of sidebands of
energies E0 +~`ω0 separated from the incident energy by
multiples ` (< 0 for loss, > 0 for gain) of the photon en-
ergy ~ω0. In the nonrecoil approximation, the wave func-
tion associated with each transmitted sideband ` consists
of the incident wave function times a multiplicative factor
accounted for by the operator [34, 45]
TPAC
∣∣
RR′ = δ(R−R′) J`(2|β|) ei` arg{−β}, (4)
where the coupling coefficient
β(R) =
e
~ω0
∫ ∞
−∞
dz Ez(R, z) e
−iω0z/v (5)
captures the electron-light interaction through the
(along-the-beam) Ez component of the optical electric-
field amplitude, which bears a dependence on transversal
coordinates R that can be controlled through a spatial
light modulator. We first consider axially-symmetric il-
lumination [implying m = 0 in Eq. (2)] and express the
incident optical field Ez =
∫ k0
0
dk‖ J0(k‖R) eikzz αk‖ as a
combination of cylindrical Bessel waves with in- and out-
of-plane wave vector components k‖ and kz =
√
k20 − k2‖,
respectively, limited by the free-space light wave vector
k0 = ω0/c. Upon insertion of this field in Eq. (5), we find
β(R) =
∫ k0
0
k‖ dk‖ J0(k‖R)βk‖ , (6)
where the coefficient βk‖ is proportional to αk‖ and also
includes light components reflected at the film [34]; we
stress that βk‖ can therefore be controlled through the
applied angular light profile αk‖ .
IV. DESIGN OF THE PAC FIELD PROFILE
We now design the PAC based on an electron opti-
cal phase plate in which ` = 1 is selected, while other
sidebands (` 6= 1) are filtered out by a monochromator
(Fig. 1), using for example a Wien filter [1]. The aber-
ration phase χ introduced through TL [Eq. (3)] can then
be eliminated from Eq. (2) by setting
arg {−β(R)} = −χ(θ) (7)
in TPAC [Eq. (3)], where R = θ(zsample − zL). We can
maximize the current by imposing |β| = β0 ≈ 0.92, which
yields an absolute maximum fraction of the ` = 1 side-
band J21 (2β0) ≈ 34% (see Appendix C). The PAC then
involves a reduction in electron current by a factor of
∼ 1/3. The spatial dependence of β = −β0e−iχ re-
quired to produce perfect aberration correction and max-
imum ` = 1 current is presented in Fig. 2(d) according
to Eq. (7) for E0 = 60 keV and f = C3 = 1mm. How-
ever, optical diffraction at the used finite light wavelength
λ0 = 2pi/k0 limits the profile of β that can be achieved in
practice using far-field illumination. We find a nearly op-
timum realistic profile by setting β = −β0e−iχ in Eq. (6)
4and approximately inverting this equation to yield
βk‖ = −β0
∫ Rmax
0
RdRJ0(k‖R) e−iχ[R/(zsample−zL)], (8)
(this inversion is only exact in the k0Rmax  1 limit).
The coupling coefficient obtained by inserting Eq. (8)
back into Eq. (6) is plotted in Fig. 2(e) for a photon
wavelength λ0 = 500 nm, which resembles the perfect-
correction coefficient of Fig. 2(d) up to R ∼ 20µm, but
deviates substantially from that target value at larger R
(i.e., where the phase χ exhibits rapid variations over a
distance ∼ λ0). Although the resulting corrected beam
profile plotted in Fig. 2(c) is not perfect, it still pro-
vides an impressive improvement in electron focusing
compared to the aberrated spot shown in Fig. 2(b) (see
Appendix C). We note that the degree of correction in-
creases when λ0 is made smaller relative to Rmax, as we
show in Fig. 3, which further predicts a remakable aber-
ration compensation using blue light.
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FIG. 3: Approaching perfect aberration correction. We show
the focal spot profile obtained with the same parameters as
in Fig. 2(c) using light of different wavelength λ0. The inset
shows the spot FWHM normalized to the unaberrated one
(FWHM0, corresponding to the dashed black curve in the
main plot) and provides a color legend for the main plot.
The PAC can be fed using light with definite chirality
m [i.e., Ez(R, z) = Ez(R, z)eimϕR , which directly trans-
lates through Eqs. (4) and (5) into TPAC ∝ eimϕR ], still
described by Eqs. (6) and (8) with J0 substituted by Jm.
Results for the transversal profile of the electron focus
using chiral PACs with m = 1 and 3 are compared with
the m = 0 profile in Fig. 4, revealing the formation of
donuts associated with an electron wave function of eimϕ
azimuthal symmetry. More complex profiles are possible,
which should be reachable using a spatial light modulator
to project light on the PAC. For example, Fig. 4(d) shows
the result for a plot obtained by projecting a symmetric
combination of m = 1 and m = −1 light.
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FIG. 4: Manipulation of the focal spot profile. Transversal
cuts of electron focal spots obtained by correcting spherical
aberration under the same conditions as in Fig. 2(c) but us-
ing light fields with the indicated symmetry: eimϕ azimuthal
dependence in (a-c) and cos2 ϕ in (d).
V. CONCLUSION
In summary, we propose the use of electron optical
phase plates as a way of tailoring the amplitude and
phase of the electron transversal wave function in an elec-
tron beam. Specifically, we theoretically demonstrate
correction of spherical aberration without the involve-
ment of complex electron-optics elements. This con-
cept can be straightforwardly applied to eliminate any
undesired distortions introduced by electron optics in
both standard and ultrafast electron microscopes. Al-
though we apply analytical methods to produce a proof-
of-principle design, substantial improvement in the per-
formance of such phase plates could be gained through
machine learning, which should enable the design of more
complex electron spot shapes. Ultimately, iterative im-
provement of the PAC could be attained through a feed-
back loop involving measurement of the electron spot and
modification of the projected light profile. Additionally,
temporal manipulation of the imprinted optical phase of-
fers interesting possibilities for the exploration of sam-
ple dynamics through time-varying electron spot profiles.
The versatility and compactness of electron optical phase
plates hold potential for active control of electron wave
functions beyond the present application in aberration
correction.
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Appendix A: Derivation of Eq. (1) in the main text
Because a monochromatic electron wave function ψz(R) satisfies the Helmholz equation (∇2R+ ∂zz − q20)ψz(R) = 0
for fixed electron wave number q0, its propagation from a transversal plane z′ to z can be realized through the integral
ψz(R) =
∫
d2Q
(2pi)2
ei[Q·R+qz(z−z
′)]
∫
d2R′e−iQ·R
′
ψz′(R
′), (A1)
where we use the notation R = (x, y), the R′ integral produces the Fourier transform along the transversal directions,
each component of wave vector (Q, qz) with qz =
√
q20 −Q2 + i0+ and Im{qz} > 0 evolves as a plane wave, and the
Q integral yields the inverse Fourier transform after propagation. We note that evanescent waves with Q > q0 die
away in the q0(z − z′)  1 limit, so only Q < q0 contributes to the integral in Eq. (A1) for propagation along a
distance z − z′ spanning many electron wavelengths. Additionally, in the paraxial approximation for well collimated
beams, only small components Q q0 contribute to Eq. (A1), so we can approximate qz ≈ q0 −Q2/2q0. Using this
expression and considering wave functions with an azimuthal dependence given by ψz(R) = ψz(R)eimϕR in terms of
a well-defined angular momentum number m, we can perform the integrals over ϕR′ and ϕQ in Eq. (A1) using the
identity (Eq. (9.1.21) of Ref. 52)
∫ 2pi
0
dϕ e±iz cosϕeimϕ = 2pii±mJm(z). We find
ψz(R) = e
iq0(z−z′)
∫ ∞
0
QdQJm(QR) e
−iQ2(z−z′)/2q0
∫ ∞
0
R′dR′ Jm(QR′)ψz′(R′)
=
(−i)m+1q0
z − z′ e
iq0(z−z′)
∫
R′dR′ exp
[
iq0(R
2 +R′2)
2(z − z′)
]
Jm
(
q0RR
′
z − z′
)
ψz′(R
′),
where the second line, which coincides with Eq. (1) in the main text, is obtained after exchanging the order of inte-
gration and applying the Weber second exponential integral (Sec. 13.31 of Ref. 53)
∫∞
0
θdθ Jm(θx)Jm(θx
′) e−iθ
2/2 =
(−i)m+1 ei(x2+x′2)/2Jm(xx′).
Appendix B: Calculation of focal spots
For simplicity, we assume the near and far sides of the electron-optics lens system to coincide with the PAC in a
virtual plane at zL. In practice, this allows us to set zPAC = zL,in = zL,out = zL in Eq. (2), which, noticing that T m∆z
becomes the identity operator when ∆z = 0, reduces to ψzsample = Fmf ′ · TL · TPAC · ψzPAC , where f ′ = zsample − zL.
Inserting in this equation the definitions provided in the main text for the different factors and considering illumination
of the PAC with a chiral light field Ez(R, z) ∝ eimϕR , we find the expression
ψz(R) ∝ ei[mϕR+q0z+q0R2/2f ′]
∫ Rmax
0
R′dR′ Jm
(
q0RR
′
z − zL
)
J1(2|β(R′)|)
× eiχ(R′/f ′)+i arg{−β(R′)} ei(q0R′2/2)[1/(z−zL)+1/(zL−zsource)−1/f ]
for the electron wave function in the sample region, where χ(R/f ′) = C3q0R4/4f ′4 and we consider points separated by
a small distance from the focal point (R, z) = (0, zsample) compared with f ′, where zsample is defined by the condition
that the argument of the last exponential vanishes, leading to the lens equation 1/(zsample−zL)+1/(zL−zsource) = 1/f .
Appendix C: Additional figures
We show in Fig. 5 further details of the electron optical phase plate used for the PAC in the main text. In Fig. 6 we
present longitudinal and transversal cuts of the spots plotted in Fig. 2 of the main text to facilitate their comparison.
6FIG. 5: Details of the electron optical phase plate used for the PAC element proposed in this paper. (a) Light is projected
on a thin film with a spatial distribution of phase and amplitude delineated through an spatial light modulator (SLM). The
film is taken to be nearly transparent to the electrons, but totally reflective to the light. (b) An optical electric field is then
established as a function of lateral position along the film, resulting from the sum of incident and reflected light. Only the
out-of-plane electric field Ez couples to the electron moving along z. (c) Interaction with Ez produces inelastic sidebands in the
spectrum of the transmitted electrons, separated by multiples of the photon energy ~ω0 with respect to the incident electron
energy E0. (d) A monochromator is used to retain electrons only within the first sideband ` = 1. The transmitted wave function
consists of the incident wave function times a factor J1(2|β|)eiarg{−β}, where the coupling parameter β scales linearly with Ez
and therefore varies with lateral position along the film. The field amplitude is adjusted to take values in the region to the left
of the vertical orange line [|β| < β0 ≈ 0.92 below the maximum first-sideband transmission intensity J21 (2β0) ≈ 34%].
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